The neural crest is an intriguing cell population that gives rise to many derivatives which are all generated far from their ®nal destinations. From its induction to the delamination of the cells, multiple signalling pathways converge to regulate the expression of effector genes, the products of which endow the cells with invasive and migratory properties reminiscent of those displayed by malignant cells in tumours. As such, the neural crest constitutes an excellent model to study cell migration. q
Introduction
The neural crest can be considered one of the most fascinating tissues of the vertebrate embryo for several reasons. As a precursor cell type, it gives rise to many different derivatives including the majority of the peripheral nervous system, nearly all the pigment cells and craniofacial cartilage and bone in the head (LeDouarin and Kalcheim, 1999) . In evolutionary terms it has been crucial, together with the epidermal placodes, for the generation of the vertebrate head (Gans and Northcutt, 1983) . And ®nally, particularly in the context of this special issue, it is fascinating because of its striking migratory properties.
Neural crest cells are generated in the central nervous system and must migrate long distances along de®ned pathways to reach their ®nal destinations. Thus, once speci®ed, they undergo a series of morphological and behavioural changes before attaining their fate.
Understanding the mechanisms responsible for the speci®cation, guidance and differentiation of the neural crest remains a challenge, although great advances have been made in this regard (reviewed in LaBonne and BronnerFraser, 1999; Kalcheim, 2000; Sieber-Blum, 2000; Christiansen et al., 2000) . Here, I will concentrate on the ®rst steps of neural crest development, in particular the process of emigration from the neural tube. This is the epithelial± mesenchymal transition (EMT), a dramatic phenotypic change by which the neural epithelial cells already speci®ed as neural crest get converted to mesenchymal cells able to delaminate and migrate away from the neural tube through the extracellular matrix (Hay, 1995; Duband et al., 1995) .
Neural crest induction
It became clear some years ago that the neural crest cell forms at the boundary between neural and non-neural ectoderm. Studies carried out in the axolotl indicated that neural folds and crest form wherever these two tissues abut Jacobson, 1989, 1990) , a fact that was later con®rmed in chick and Xenopus embryos (Dickinson et al., 1995; Selleck and Bronner-Fraser, 1995; Mancilla and Mayor, 1996) . Thus, the precise positioning of the neural±non-neural boundary in the early embryo is critical not only in determining the territory destined to become the central nervous system but also in de®ning the region where the neural crest will form. It is thus logical that the speci®cation of the neural crest should somehow be linked to the process of neural induction.
It has also become clear that, at least in Xenopus, neural induction is the result of the inhibition of bone morphogenetic protein (BMP) signalling in the ectoderm by the socalled neural inducers (see Nieto, 1999 , for a review). In other vertebrates this inhibition does not seem to be necessary, as BMP is not expressed in the prospective neural ectoderm. However, the absence of BMP signalling is a consistent ®nding in neural induction. Therefore, the time and place of neural crest induction coincides either with the confrontation of BMP-expressing and non-expressing ectodermal cells (i.e. in chick and mouse embryos), or with a reduction in the levels of BMP activity, as proposed in Xenopus and zebra®sh (Marchant et al., 1998; Nguyen et al., 1998; Streit and Stern, 1999 ) (see Fig. 1 ).
It has been proposed that BMP is responsible for the induction of the neural crest. Indeed, when added to explants of neural epithelial tissue, BMP is able to substitute for the crest-inducing activity of the non-neural ectoderm (Liem et al., 1995) . Both BMP4 and BMP7 are expressed at the time of crest induction in the non-neural ectoderm of the chick embryo and both seem to be needed for induction. Only by abolishing signalling through the two factors by incubation with the two corresponding inhibitors, noggin and follistatin, can the induction of crest be impaired (Liem et al., 1997) . However, BMP signalling from the non-neural ectoderm not only induces neural crest fate, but also confers dorsal properties on the cells, as seen by the appearance of dorsal markers such as Wnt family members and BMPs themselves. Indeed, the expression of BMP in the dorsal neural plate itself has led some investigators to propose that it is this expression within the neural plate and not in the ectoderm that is responsible for the induction of crest phenotypes (Selleck et al., 1998) . Furthermore, it seems that BMP signalling alone is not suf®cient for the production of neural crest cells. Studies in Xenopus, zebra®sh and mouse have suggested that members of the Wnt and FGF families are also needed, at least for the generation of all the different premigratory precursors (Ikeya et al., 1997; Mayor et al., 1997; Dorsky et al., 1998; LaBonne and Bronner-Fraser, 1998 ) (see Fig. 2 ). In the chick embryo, FGF and BMP appear to cooperate in the generation of the neural±non-neural boundary, therefore having a determinant role in the speci®cation of the territory destined to become neural crest (Streit and Stern, 1999) .
The induction of the neural crest fate in the neural epithelium has usually been assessed by the appearance of different markers. The most commonly used is the zinc ®nger transcription factor Slug (Nieto et al., 1994) , the earliest marker of crest-speci®ed cells known to date. Indeed, Slug is rapidly induced by BMP in neural ectoderm explants and in tissue recombination experiments of the neural and nonneural ectoderm (Liem et al., 1995; Dickinson et al., 1995; Mancilla and Mayor, 1996) . The onset of Slug expression has been used to study the spatial and temporal competence of the neural plate to become neural crest in response to different signals. In the chick, cells of the neural plate lose this capacity after stage 10 although the non-neural ectoderm still retains the ability to induce crest in competent neural plate cells (Basch et al., 2000) . Even the extraembryonic ectoderm can be converted to neural crest, with the condition that it is again younger than stage 10 when transplanted to the neural tube Fig. 1 . The neural crest is speci®ed in all vertebrates at the border between the neural and non-neural ectoderm. (A) Diagram showing the prospective territories and the establishment of a gradient of BMP signalling in a Xenopus gastrula. The neural inducers secreted by the organizer are responsible for the establishment of a gradient of BMP activity by preventing binding to its receptor, and thus inhibiting its signalling. Both in Xenopus and ®sh a model has been proposed by which neural crest is induced at a threshold concentration of BMP signalling. Higher BMP activity will give rise to non-neural ectoderm, whereas low or null activity will generate neural plate. (B) Schematic representation of a chick blastoderm showing the presumptive territories of the neural and non-neural ectoderm and the neural crest. The expression pattern of BMP7 is shown in an embryo of a similar stage, where the lack of expression in the territory destined to become neural tissue can be appreciated. Indeed, in chick and mouse embryos, there is no need to inhibit BMP signalling for neural induction because the prospective neural plate does not express BMP. The neural crest is nevertheless generated at the border between the two territories which, in this case, corresponds to a region of confrontation between BMP-expressing and non-expressing cells. NE, neural ectoderm; NNE, non-neural ectoderm; EEE, extraembryonic ectoderm. 2000). Thus, both neural plate cells and the extraembryonic ectoderm lose the ability to become neural crest at very early stages. Recently, it has been suggested that competence to form neural crest is dependent on the expression of Noelin-1, a secreted glycoprotein present in the neural folds prior to Slug, whose overexpression in chick embryos increases the period of crest production (Barembaum et al., 2000) .
Apart from Slug, other transcription factors have been suggested to participate in the induction of the neural crest. In particular, several members of the Zic family of zinc ®nger transcription factors have been shown to induce ectopic expression of neural crest markers when overexpressed in Xenopus embryos (Nakata et al., 1997 (Nakata et al., , 1998 . However, in these studies, the induction of crest markers was also accompanied by the production of ectopic neural plate. The newly isolated family member, Zic5 (Nakata et al., 2000) , seems to speci®cally induce the production of neural crest cells.
Signals to induce delamination of the neural crest
Once speci®ed, neural crest cells must delaminate from the neural tube to migrate to their destinations. The timing of delamination varies among vertebrate species. Emigration occurs upon tube closure in avian embryos, whereas it is well underway in the cephalic regions of mouse embryos by the time closure occurs (LeDouarin and . Both in Xenopus and ®sh, once speci®ed, neural crest cells wait for several hours before starting their migration.
One common theme in developmental biology is that the same molecules play multiple roles during development depending on the time and place of their expression. Paradigms for this are the members of the BMP family. With respect to the neural crest, BMPs are not only involved in its induction in the dorsal neural tube, but they also seem to be signals for the process of delamination. Recent experiments carried out in the chick embryo indicate that the balance of Noggin and BMP activities triggers the delamination of the neural crest from already speci®ed Slug-expressing crest cells in the trunk. Ectopic BMP4 increases crest production in trunk neural plate explants and furthermore inhibition of BMP4 signalling by Noggin in the chick spinal cord prevents crest delamination (Sela-Donenfeld and (Fig. 3) . Since BMP2, the other BMP family member inhibited by Noggin, is not expressed in the avian spinal cord and crest production is not affected by follistatin, which inhibits BMP7 signalling, it seems likely that BMP4 is the signal for delamination in vivo.
Interestingly, support for this role of BMP in neural crest migration comes from studies carried out in the mouse. Transgenic Noggin expression in the posterior hindbrain depletes the neural crest cell population in this region Fig. 2 . Signals from the non-neural ectoderm confer dorsal properties to the adjacent neural epithelium. BMP molecules seem to be the initial signal that generates a dorsal character including neural crest precursors. In addition, the induction of the neural crest seems to require the conjunction of several signalling systems in the neural folds including those of FGF and Wnt molecules (A). As the neural folds approximate, BMP and Wnt signals acting from the dorsal neural plate cooperate in the development of the neural crest (B). As morphogenesis continues, the neural crest cells start to delaminate from the neural tube as seen in a diagram (C) and in a photomicrograph of a transverse section taken at the level of the hindbrain of a chicken embryo at stage 11 (D). (Kanzler et al., 2000) . However, in this case, BMP2, which is expressed along the whole antero-posterior axis of the neural tube in the mouse, was identi®ed as the family member required.
The process of EMT
In response to the appropriate signals, the neural crest cells undergo the process of EMT that renders them capable of invading the extracellular matrix and of migrating long distances.
Molecules implicated in EMT
The transcription factor Slug has been proposed to be involved in the triggering of EMT, since loss of function induced by incubation with antisense oligonucleotides prevented neural crest migration in chick (Nieto et al., 1994) (Fig. 3) and Xenopus embryos (Carl et al., 1999) . Furthermore, Slug has been shown to be suf®cient to increase neural crest production when overexpressed in Xenopus embryos (LaBonne and Bronner-Fraser, 1998) , giving rise to a high number of at least one type of neural crest derivative, melanocytes. More recently, using an inducible inhibitory mutant, LaBonne and Bronner-Fraser (2000) have shown that Slug is involved in both the formation of neural crest precursors and in neural crest migration. Being a transcription factor, the next question to address concerns the targets of Slug responsible for triggering EMT. Since at the molecular level one of the ®rst events for an epithelial cell to become migratory is the loss of cell-to-cell adhesion molecules, it was suggested that targets of Slug could be molecules such as cadherins (Nieto et al., 1994) .
In the case of the neural crest, the delamination process involves, among other molecular changes, the downregulation of N-CAM, N-cadherin and cadherin 6B (Akitaya and Bronner-Fraser, 1992; Nakagawa and Takeichi, 1995) , and the upregulation of other family members, cadherins 7 and 11 (Nakagawa and Takeichi, 1995; Kimura et al., 1995) . Although the necessity of expressing cell±cell adhesion molecules in migratory cells is not obvious, the presence of speci®c cadherins in the migratory cells may account for the necessity of adhesion/grouping of speci®c crest subpopulations during migration (Nakagawa and Takeichi, 1995; Takeichi et al., 2000) . However, overexpression of a neuroepithelial cadherin or a crest cadherin in the neural tube impairs neural crest emigration (Nakagawa and Takeichi, 1998) . This indicates that a ®ne regulation of cadherin expression is fundamental to the emigration of the neural crest from the neural tube (Fig. 3) . It is interesting to note here that Snail, a close relative of Slug, has been recently shown to trigger a complete EMT in epithelial cells by acting as a strong repressor of E-cadherin expression (Cano et al., 2000; Batlle et al., 2000) . This is in keeping with the phenotype of Drosophila snail mutants, which fail to eliminate DE-cadherin-mediated adhesion during gastrulation (Oda et al., 1998) . Slug has also been shown to act as a transcriptional repressor in Xenopus embryos during neural crest and mesoderm formation (LaBonne and BronnerFraser, 2000; Linker et al., 2000) , thus making it a very good candidate to downregulate N-cadherin or N-CAM expression in the neural crest. Further support for this idea comes from the ®nding that neural crest cells upregulate N-CAM expression and lose the mesenchymal phenotype after retinoic acid (RA) treatment (Shankar et al., 1994) . Considering that Slug has been found to be downregulated by RA (Ros et al., 1997; Buxton et al., 1997b; Romano and Runyan, 2000) , it seems likely that the treatment was, in fact, inhibiting Slug function.
A potential caveat in the hypothesis that Slug is necessary to trigger EMT during the formation of the neural crest is that Slug mutant mice are viable and do not show defects in neural crest formation (Jiang et al., 1998) . However, whereas in the chick, Slug is expressed in the premigratory crest cells, it is absent from the regions undergoing EMT in the mouse. The reverse is true for Snail, which is expressed in the EMT regions in the mouse. Thus, the role played by Slug in the chick could be carried out by Snail in the mouse (Sefton et al., 1998) . Indeed Snail can trigger EMT in mammalian epithelial cells (Cano et al., 2000) (Fig. 4) , and the phenotype of Snail mutant mice, which die at gastrulation due to defects in mesoderm formation, may be related to a de®cient EMT (Jiang et al., 1998 ; T. Gridley, pers. commun.). Nevertheless, mouse Slug participates in desmosome dissociation when overexpressed in rat bladder epithelial cells (Savagner et al., 1997) .
Another molecule that has been implicated in the delamination of the neural crest is rhoB (Liu and Jessell, 1998) , a member of the family of small GTPases, involved in changes in cell shape through the regulation of the actin cytoskeleton and cell adhesion (Hall, 1999) . Inhibition of rho activity by incubation with C3 exotoxin prevents neural crest delamination (Fig. 3) . As with Slug, rhoB is induced by BMP signalling, but the onset of rhoB expression after BMP administration places Slug upstream of rhoB in the temporal hierarchy of gene induction (Liu and Jessell, 1998) . In addition to transcription factors and Rho, epigenetic effects such as protein phosphorylation have also been implicated in the process of crest delamination (Newgreen and Minichiello, 1995) .
More to neural crest delamination than the members of the Snail family
Sela-Donenfeld and have carried out a series of experiments in the trunk of the chick embryo in which they have shown that inhibiting BMP signalling by overexpression of noggin prevents neural crest delamination. When Slug is already expressed in the neural folds, this inhibition is preceded by the downregulation of rhoB and cadherin 6B but has no effect on Slug expression. This indicates that at these stages, BMP signalling is not needed to maintain Slug expression and that either rhoB and cadherin 6B expression is independent of Slug or that Slug is not suf®cient to induce their expression. This is compatible with the ®nding that in Xenopus embryos at least, Slug increases the production of neural crest cells only in territories of endogenous expression or very close to them . One interpretation of these results is that Slug is not suf®cient to induce the neural crest. Alternatively, it can be viewed as a manifestation of the lack of competence to become neural crest in regions other than the dorsal neural tube, or the need for another transcription factor that may cooperate with Slug in regulating different targets. In this regard, overexpression of Noelin-1 in the whole neural tube induces Slug expression and increases the time of crest production but only in the areas of crest formation (Barembaum et al., 2000) .
In relation to this, it is worth noting here that the members of the Snail family bind to E-boxes located in promoters in various species from Drosophila to human (Mauhin et al., 1993; Inukai et al., 1999; Cano et al., 2000; Batlle et al., 2000) . The E-boxes are consensus binding sites for HLH transcription factors and a model of repression by competition for the binding between HLH positive factors and snail genes has been proposed in Drosophila and mouse (Fuse et al., 1994; Nakayama et al., 1998; Kataoka et al., 2000) . Interestingly, a member of the Id family of HLH inhibitors, Id-2, has been shown to be expressed in a pattern very similar to that of Slug in the chick embryo (Martinsen and BronnerFraser, 1998 ). Moreover, retroviral-mediated overexpression of Id-2 gives rise to ectopic neural crest and the conversion of ectoderm into neural crest-like tissue that expresses Slug and HNK-1 (Martinsen and Bronner-Fraser, 1998) .
Finally, an alternative explanation for the lack of Slug downregulation when crest migration is inhibited is that the triggering of EMT occurs independently of the delamination process. Evidence to support this idea comes from experiments mentioned above in which neural crest cells were treated with RA (Shankar et al., 1994) , presumably downregulating Slug expression. In the treated explants, neural crest outgrowths are similar in size to those of control explants. However, the cells displayed an epithelial phenotype, indicating that the EMT was abolished. Thus, it will be interesting to determine the phenotype of the cells that, upon noggin administration, failed to migrate from the neural tube in the presence of Slug.
Further experiments are needed to discern between the different possibilities, mainly because the majority of experiments addressing the process of crest delamination in relation to Slug have been carried out in the head region (Nieto et al., 1994; Carl et al., 1999; LaBonne and BronnerFraser, 2000) . Therefore, it cannot be excluded at present that different mechanisms may operate for neural crest delamination in the head and the trunk.
Are there differences in the mechanisms leading to crest delamination between head and trunk?
Although further work is necessary to clarify whether neural crest delamination is controlled by different mechanisms, there are clear differences at the two different levels of the anteroposterior axis both spatially and temporally. For instance, it has been known for many years that cranial and trunk neural crest cells present a different complement of receptors for extracellular matrix attachment (BronnerFraser and Lallier, 1988; Lallier et al., 1992) . In relation to this, the expression of CD44 is restricted to the neural crest of the cranial region (Corbel et al., 2000) . CD44 is a receptor for hyaluronate, a molecule that binds proteoglycans involved in guiding neural crest migration (Perissinotto et al., 2000) . Similarly, the HLH inhibitor Id-2 also shows speci®c expression in the neural crest of the head region (Martinsen and Bronner-Fraser, 1998 ). In addition, even at the early stages of neural crest induction, there are differences in the onset of expression of several genes. Pax3 is considered one of the early markers for dorsalization of the neural tube and its onset of expression is inverted in the head versus the trunk in relation to that of Slug. Whereas Slug is the ®rst to be expressed in the head, Pax-3 is expressed before Slug in the trunk region (Buxton et al., 1997a) .
Although BMP signalling has been show to induce neural crest delamination both in the head and the trunk, the BMP family member involved differs. Whilst BMP2 appears to be responsible for delamination in the head, it is BMP4 that has been implicated in trunk emigration (Kanzler et al., 2000; Sela-Donenfeld and Kalcheim, 1999) , although this may re¯ect differences between species. Furthermore, the caudorostral decreasing gradient of Noggin expression that has been proposed to control the time of crest delamination in the trunk neural tube of the chick has not been observed in the head. Whether a different BMP signalling inhibitor is operating at rostral regions cannot be excluded and indeed, neuralin-1, a novel chordin-related molecule, has been very recently described to be expressed in the mouse neural plate (Cof®nier et al., 2001) .
Regardless of the BMP family member involved in triggering the process of cell delamination, it is pertinent to discuss the nature of their targets. BMPs induce Slug, rhoB and cadherin 6B among other molecules. As already mentioned, inhibition of crest delamination upon noggin overexpression in the trunk region is concomitant with rhoB and cadherin 6B downregulation, while Slug expression is not affected. Thus, an alternative explanation to that of different or overlapping BMP-signalling pathways operating in the head and the trunk is that, in the trunk region, Slug is involved in the speci®cation of the neural crest precursors and not in crest emigration (Sela-Donenfeld and Kalcheim, 1999) . In Drosophila, snail has been implicated in mesoderm speci®cation (Boulay et al., 1987) . Interestingly, the single snail gene present in ascidian and amphioxus embryos is expressed in the early mesoderm and also at the edges of the neural plate (Langeland et al., 1998; Wada and Saiga, 1999) . This expression possibly reveals a precursor population of the neural crest. Thus, one might speculate that the Snail genes played an ancestral role in the speci®cation of tissues such as the mesoderm and the neural crest. Subsequently, these genes acquired an additional role in the EMT. The role in EMT was co-opted for the invagination of the mesoderm at gastrulation and the delamination of the neural crest among other processes, such as the formation of the heart cushions (Romano and Runyan, 2000) or the closure of the palatal medial edges (unpublished data). As such, one could explain the non-involvement of Slug in trunk crest emigration by the fact that this function might only have been acquired in the cranial region.
The similarities of the process of EMT in development and tumour progression
The process of EMT not only occurs under physiological conditions during normal embryonic development, but it also takes place in pathological situations, such as the acquisition of the invasive phenotype in tumours of epithelial origin, constituting the ®rst step in the metastatic process. The EMT associated with tumour progression frequently involves the downregulation of E-cadherin expression and the acquisition of migratory properties (Takeichi, 1993) . Indeed, the loss of E-cadherin expression is considered a bad sign for the clinical outcome since it is implicated in the transition from adenomas to invasive carcinomas (Perl et al., 1998) . When Slug was found to be involved in the triggering of the EMT during embryonic development, the possibility arose that its pathological activation or that of a functionally-related gene could also be involved in tumour progression (Nieto et al., 1994) . Very recently, it has been shown that Snail is a strong direct repressor of E-cadherin expression and that ectopic Snail expression confers tumorigenic, invasive and migratory properties to otherwise normal epithelial cells (Cano et al., 2000; Batlle et al., 2000) . Furthermore, it has been found to be activated in vivo at the invasive front of chemically-induced mouse skin tumours (Cano et al., 2000) (Fig. 5) . Thus, apart from having a conserved role in triggering EMT in embryos from Drosophila to mammals, Snail has been co-opted for the process of EMT during tumour progression. Since Snail can be now considered a marker of malignancy, the search for endogenous or arti®cial activators and particularly repressors will be of great interest not only for developmental biologists but also in cancer research. Very good candidate-inducing signals are the members of the TGF-beta superfamily both during development and carcinogenesis. As already mentioned, BMPs are able to induce Slug in neural epithelial cells (Liem et al., 1995) , and TGF-beta 2 has been proposed to be a signal for Slug induction in heart development (Romano and Runyan, 2000) . On the other hand, it is well known that TGF-beta is able to induce EMT in epithelial cells and it is necessary for invasiveness in carcinomas (Oft et al., 1998; Akhurst and Balmain, 1999) . Assuming that the function of Slug in EMT in the chick is ful®lled by Snail in the mouse, these genes constitute a good example of molecular players that participate both in physiological processes and in pathological situations in humans. Moreover, this highlights the importance of the use of experimentally amenable systems to decipher common molecular mechanisms.
Perspectives
We have witnessed amazing progress in the understanding of the processes that lead to the induction and development of the neural crest. Nevertheless, I would like to stress that we are just starting to gain insight into the molecular mechanisms that govern them. We know some of the players, but surely there are more to identify. The challenge now is to better understand their function at the molecular level and in particular to integrate them into well de®ned pathways. It will also be interesting to determine whether the same mechanisms operate for the formation of the neural crest in the different regions of the embryo (i.e. head vs. trunk; primary vs. secondary neurulation). Finally, the hope is that the study of this crucial process of delamination/ Fig. 5 . Snail has been co-opted to trigger EMT both during embryonic development and tumour progression, acting as a repressor of E-cadherin expression. Ectopic Snail expression in epithelial cells confers tumorigenic, invasive and migratory properties (A). In chemically-induced tumours in the skin of the mouse, it is in vivo activated at the invasion front. Double in situ hybridization for Snail (blue) and E-cadherin (red) shows Snail expression in the invasive areas (arrows), which have lost E-cadherin expression (B). The breakdown of the basement membrane is observed in the invasive area of the tumour in an adjacent histological section (C). migration will be of help in the construction of a general model for the diverse EMTs that occur both during embryonic development and in tumour progression.
